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Abstract 

Problems to be solved 

To provide a carbon nanotube device, which is capable of efficiently allowing current to 
flow through the carbon nanotubes by joining one end or both ends of each of the carbon 
nanotubes to the electrode on a substrate provided with an electrode, and which is capable of 
controlling the amount of current flowing through the carbon nanotubes by means of a magnetic 
field. 

Solution 

The manufacture comprises heating a substrate that has a surface layer in which catalytic 
hyperfine particles each containing Fe, Co, or Ni are dispersed in a material consisting 
essentially of Cu, Ag, Au, or Cr in an atmosphere containing ethylene, acetylene, or carbon 
monoxide, or a gaseous mixture thereof, as a gaseous raw material to a temperature in the range 
of 400-800°C to subject the raw material to thermal decomposition and thereby grow carbon 
nanotubes on the surface of the substrate. 
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Claims 

1 . A carbon nanotube device characterized by the fact that at least one side of the 
aforementioned carbon nanotubes are connected to a substrate, there are catalytic hyperfine 
particles containing at least one type of metal selected from Fe, Co, and Ni at the junction, and 
the aforementioned catalytic hyperfine particles are dispersed in a material consisting essentially 
of one or more metals comprising Cu, Ag, Au, and Cr. 

2. The carbon nanotube device described in Claim 1 in which the aforementioned 
substrate is Si and the aforementioned catalytic hyperfine particles include Fe and/or Co metal 
and the hyperfine particles are dispersed in a material consisting essentially of Cu. 

3. The carbon nanotube device described in Claim 1 or 2 in which the current that flows 
through the aforementioned carbon nanotubes is modulated by an external magnetic field. 



4. The manufacture of carbon nanotubes characterized by the fact that the growth of 
carbon nanotubes is achieved by means of thermal decomposition utilizing a catalyst on a 
substrate, wherein the carbon nanotubes are grown on the surface of the substrate where catalytic 
hyperfine particles containing at least one metal selected from Fe, Co, and Ni are dispersed in a 
main metal component comprising at least one of Cu, Ag, Au, or Cr, and the aforementioned 
substrate dispersed with catalytic hyperfine particles is heated in an atmosphere containing either 
ethylene, acetylene, or carbon monoxide, or a gaseous mixture thereof, as a raw material gas at a 
temperature in the range of 400-800°C to initiate thermal decomposition of the raw material gas. 

5. The manufacture of a carbon nanotube device described in Claim 4 in which the 
aforementioned substrate is Si and the aforementioned catalytic hyperfine particles include a 
metal consisting of either Fe or Co which is dispersed in a material mainly composed of Cu. 

6. The manufacture of a carbon nanotube device described in Claim 4 or 5 in which the 
current that flows through the aforementioned carbon nanotubes is modulated by an external 
magnetic field. 

Detailed description of the invention 
[0001] 

Industrial application field 

The present invention pertains to a carbon nanotube device used effectively in functional 
devices such as quantum effect devices, electron devices, micromachine devices, and biodevices, 
and to its manufacture, and the invention further pertains to a carbon nanotube device suitable for 
electron devices in which the current flowing through the carbon nanotubes is controlled by a 
magnetic field and its manufacture. 

[0002] 
Prior art 

Fiber-form carbon is commonly referred to as carbon fiber, and historically, many 
different methods of manufacturing carbon fibers have been studied for such fibers having 
diameters of several ^m or greater used as structural materials. Of these manufacturing methods, 
those utilizing PAN type or pitch type raw materials are currently used. The aforementioned 
manufacturing process is basically a process wherein a raw material spun from a PAN fiber, 
isotropic pitch, or mesophase pitch is made insoluble and fire resistant, carbonized at a 
temperature of 800-1400°C, and treated at high speed at a temperature of 1500-3000°C. The 
carbon fibers produced as described above have superior strength, modulus of elasticity, and 
mechanical properties and are lightweight, and are widely used in sporting goods, insulation 
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materials, structural materials in the aerospace industry and related fields, and composite 
materials in the automotive industry. 

[0003] 

Besides the aforementioned carbon fiber, recently discovered carbon nanotubes can be 
mentioned. They are tube-like structures having a diameter of 1 fim or less and have an ideal 
form; they are tubes whose surface forms a hexagonal carbon mesh that is in parallel to the axis 
of the tube and are usually stacked. Theoretically, the aforementioned carbon nanotubes form a 
metal-like material or semiconductor-like material depending on the spreading of the hexagonal 
mesh comprised of carbon or the thickness of the aforementioned tubes. It is anticipated that they 
will be used as functional materials in the future. Synthesis of carbon nanotubes, in general, 
involves the arc discharge method, and laser vaporization, thermal decomposition, plasma 
application, etc., are being studied as methods of synthesis. 

[0004] 

First, the prior art of standard carbon fibers will be briefly summarized below. 

[0005] 

Many different types of carbon fibers are available, and selection of the synthesis method 
is required for each application. It is known that the structure of the synthesized fiber varies 
depending on the synthesis method and conditions used. The aforementioned factors are 
described in detail in Michio Inagaki, "New Carbon Materials" (Gijutsudo Publication). Three 
major synthesis methods are explained briefly below. 

[0006] 

1) PAN type carbon fiber 

Polyacrylonitrile is used as a raw material and is synthesized via three major processes 
consisting of spinning a precursor, making it insoluble, and subjecting it to a high-temperature 
heat treatment In the process to make it insoluble and in the high-temperature heat treatment, a 
dehydrogenation process based on cyclization and oxygen, and furthermore, a 
dehydrocarbonation accompanied by formation of a hexagonal carbon mesh are used. 
Furthermore, it is known that a significant improvement in properties can be achieved when 
drawing the fiber during the process so as to orient the hexagonal carbon mesh along the axis of 
the fiber. For the PAN type carbon fiber produced as described above, general purpose (GP) type 
and high tensile strength (HT) type are available. 
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[0007] 

2) Pitch type carbon fiber 

Pitch type carbon fiber is classified into two main types consisting of isotropic pitch 
carbon fibers comprising isotropic pitch and mesophase pitch type carbon fibers which have 
optical anisotropy. The production process is very similar to that of the aforementioned PAN 
type carbon fiber and consists of spinning, insolubilization treatment, and carbonation based on a 
high-temperature process. 

[0008] 

Good orientation along the axis direction can be achieved in the mesophase pitch type 
carbon fiber without the aforementioned drawing process required for the PAN type carbon fiber, 
and the cross-sectional structures of the fiber such as radial, random, and coaxial cylinders 
(onion) can be controlled by the viscosity of the pitch. Mesophase pitch type carbon fibers are a 
high modulus (HM) type and are gaining attention as a composite material of the future. 
Isotropic pitch type carbon fibers belong to the GP grade and have been used as insulation 
materials, etc. 

[0009] 

3) Vapor-phase epitaxial type carbon fiber 

As a typical example, a method where hydrogen is used as a carrier gas and benzene 
vapor is fed to an electric furnace kept at approximately 1050°C and fibers are grown on a 
substrate using fine iron particles as a catalyst can be mentioned. For the growth process, three 
types, namely, nuclei formation, growth of very fine fibers in the axis direction, and growth in 
the lateral direction so that the thickness is increased in the lateral direction of the fiber, are 
conceivable. For the catalyst, iron hyperfine particles of approximately 10 nm are required, and 
after formation of the fiber, it exists at the tip of the fiber as Fe 3 C. It is hypothesized that 
hydrogen gas functions to control reduction of the iron and thermal decomposition of benzene, as 
well. The fiber produced has a structure comprising a hollow tube at the center, a flat and thin 
mesh layer, and a thick outside layer having a mesh of approximately 1 mm arranged essentially 
parallel to the axis. It is hypothesized that the hollow tube having a flat and thick mesh structure 
at or near the center is formed with the iron catalyst as a nuclei and that the thick outer layer is 
formed as a result of thermal decomposition of benzene. The aforementioned tube is observed 
when carbon monoxide is subjected to vapor-phase thermal decomposition using iron as a 
catalyst. G. G. Tibbets explains the formation of a similar fiber using methane gas in J. Cryst. 
Growth, 73 (1985) 431. 
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[0010] 

For the vapor-phase epitaxial method, a seeding process in which a catalyst is applied to a 
substrate (Seeding Catalyst Method) and a floating catalyst method where the catalyst is floated 
in the vapor phase can be mentioned. The diameter of the fiber is small in the floating catalyst 
method, and folding is likely to occur. Furthermore, Ishioka et al. explain that the fiber yield can 
be increased when a mixed gas of hydrogen and carbon dioxide-carbon monoxide is used as the 
carrier gas and that the fiber yield can be increased when a mixture of ferrocene and metal 
acetylacetonate is used as the catalyst in Carbon, 30 (1992) 859 and Carbon, 30 (1992) 865. 

[0011] 

When a heat treatment is applied to the fiber produced by the seeding method, a 
graphite-like lamination structure develops. In other words, a mesh structure develops at around 
2000°C, and a mesh-like lamination structure develops at around 2500°C. A graphite-like 
laminated structure barely develops in the fiber produced by the floating catalyst method. When 
the aforementioned fiber is heat-treated at a temperature of 2800°C or above, polygonization, in 
which the outer wall of the fiber forms a polygon, occurs. 

[0012] 

In view of the aforementioned manufacturing methods, flame retardancy and insolubility 
are required in air at a temperature in the range of 150-400°C in PAN type and pitch type; 
furthermore, carbonization and graphitization are required, as well, for the vapor-phase epitaxial 
method. In other words, a carbonaceous material carbonized by a heat treatment at 
approximately 1300°C and a graphite material graphitized at approximately 2800°C are 
available. The density increases with the aforementioned heat treatment, and resistivity is likely 
to be reduced. As for the material, in general, density, tensile strength, and tensile modulus 
increase, and resistivity decreases in the order of isotropic pitch material, PAN material, 
mesophase pitch material, and vapor-phase epitaxial material. In isotropic carbon fibers, the 
mean spacing is approximately 0.344 run and a random-layer structure remains even when a 
high-temperature heat treatment is provided. However, when a high-temperature heat treatment 
is provided for the vapor-phase epitaxial type carbon fiber at a temperature above 2400°C, a 
mean spacing of approximately 0.336 am can be achieved, and an ideal laminated structure can 
be achieved. It can be evaluated by measuring the magnetic resistivity as well. 

[0013] 

The diameter of the carbon fiber that can be produced by the aforementioned 
manufacturing methods is at least several jam, and when these methods are compared, a laminar 



mesh structure, which is most likely to be parallel to the axis, can be produced by the 
vapor-phase epitaxial method so that a fiber with the finest diameter can be produced. The 
material is close to carbon nanotube material. 

[0014] 

The prior art is explained below with a carbon nanotube material recently developed. 

[0015] 

A material with a diameter of 1 \im or less that is finer than carbon fiber is commonly 
referred to as a carbon nanotube and is distinguished from carbon fiber, but a clear boundary 
does not exist. In the present specification, a thin, long material having a diameter of several ^m 
or greater is referred to as carbon fiber, and a thin, long material having a diameter of 1 |im or 
less is referred to as carbon nanotube. And furthermore, a material having the plane of a 
hexagonal mesh essentially parallel to the axis is referred to as a carbon nanotube material, and a 
material where amorphous carbon surrounds the carbon nanotubes is included under the 
definition of carbon nanotube as well. 

[0016] 

When the aforementioned carbon nanotubes are further specified, in general, those 
having a single hexagonal mesh tube are referred to as single-wall nanotubes (hereinafter 
referred to as SWNT), and those having a structure comprising multilayer hexagonal mesh tubes 
are referred to as multi-wall nanotubes (hereinafter referred to as MWNT). The type of structure 
of the carbon nanotubes is determined more or less by the synthesis method and conditions used, 
but production of carbon nanotubes having identical structures has not been possible. 

[0017] 

A brief summary of the structure of the aforementioned carbon nanotubes is shown in 
Figure 1. The left-hand side of the figure in Figure la-d is a schematic view of carbon nanotubes 
or carbon fiber observed from the side, and the right-hand side is a cross-sectional view. A 
carbon fiber has a cylindrical shape, as shown in Figure la where the diameter is large and 
parallel to the axis and there is an absence of a mesh structure; and in the vapor-phase epitaxial 
method utilizing a catalyst, a tube-like mesh structure parallel to the axis is formed at or near the 
center of the tube as shown in Figure lb, but, in many cases, it is surrounded with a high 
proportion of carbon having an amorphous structure. In the arc discharge method, a MWNT with 
a mesh structure developed parallel to the axis is formed at the center as shown in Figure lc, and 
the ratio of surrounding adsorbed amorphous carbon is low. And furthermore, in the arc 



discharge method and laser vaporization method, a single-layer tube-like mesh structure is 
developed as shown in Figure 1 d, and the structure referred to as SWNT is likely to be produced. 

[0018] 

Currently, three different types of manufacturing methods are used for the production of 
the aforementioned carbon nanotubes: a method similar to the vapor-phase epitaxial method used 
for carbon fibers, the arc discharge method, and the laser vaporization method. In addition to the 
aforementioned three different methods, the plasma synthesis method and solid-phase reaction 
method are known. In this case, three typical methods are briefly explained below. 

[0019] 

1) Thermal decomposition method 

The aforementioned method is essentially the same as the vapor-phase epitaxial method 
for carbon fiber. The aforementioned method is described by C. E. Snyder et al. in Publication 
Number WO89/07163 of International Patent Application^]. Ethylene, propylene, etc., are 
introduced to the reaction vessel with hydrogen, and, at the same time, metal hyperfme particles 
are introduced. In addition to the aforementioned substances, saturated hydrocarbons such as 
methane, ethane, propane, butane, hexane, and cyclohexane, unsaturated hydrocarbons such as 
ethylene, propylene, benzene, and toluene, acetone, methanol, and raw materials containing 
oxygen such as carbon monoxide may be used as raw material gases. Furthermore, a ratio of raw 
material gas and hydrogen of 1 :20-20:l is suitable, and for a catalyst, Fe and mixtures of Fe and 
Mo, Cr, Ce, and Mn are recommended, and a method where the aforementioned catalysts are 
adsorbed onto fumed alumina has been proposed as well. The reaction temperature is in the 
range of 550-850°C, and for the gas flow ratio, 100 seem of hydrogen per inch diameter and 
approximately 200 seem of a raw material gas containing carbon are desirable. Growth of carbon 
nanotubes is observed at approximately 30 min-1 h after introduction of the fine particles. 

[0020] 

The carbon nanotubes produced as described above have a diameter of approximately 
3.5-75 nm, and the length reaches 5-1000 times the diameter. The mesh structure of the carbon is 
parallel to the axis of the tubes, and adsorption of thermally decomposed carbon on the outside 
of the tube is insignificant 



[0021] 

Furthermore, though production efficiency is poor, production of S WNT by reacting at 
1200°C using Mo as a catalyst and carbon monoxide gas as a raw material gas is reported by H. 
Dai et al. in Chemical Physics Letters 260 (1996), pp. 471-474. 

[0022] 

2) Arc discharge method 

The arc discharge method was first disclosed by Iijima et al. and is explained in detail in 
Nature Vol. 354 (1991) pp. 56-58. The arc discharge method is a simple method using DC arc 
discharge in an argon atmosphere at approximately 100 ton* using a carbon rod electrode. 
Growth of carbon nanotubes is observed on a part of the surface of the cathode with carbon fine 
particles of 5-20 nm. The aforementioned carbon nanotubes have a diameter of 4-30 nm and a 
length of approximately 1 jxm and have a laminar structure where 2-50 tube-like carbon meshes 
are superposed, and the mesh structure of the aforementioned carbon is formed as a helical 
structure parallel to the axis. The pitch of the spiral varies for each tube and for each layer inside 
the tube, and furthermore, in the case of a multilayer tube, the layer-to-layer distance is 0.34 nm 
and is essentially the same as the layer-to-layer distance of graphite. The leading end of the tube 
is closed with a carbon network. 

[0023] 

Furthermore, T. W. Ebbesen et al. described a condition used for mass production of 
carbon nanotubes using the arc discharge method in Nature Vol. 358 (1992) pp. 220-222. A 
carbon rod with a diameter of 9 mm is used for the cathode, and a diameter of 6 mm is used for 
the anode. The rods are arranged facing each other at a distance of 1 mm inside the chamber, and 
an arc discharge of approximately 18 V and 100 A is generated in a helium atmosphere at 
approximately 500 torr. When 500 torr or below is used, the ratio of carbon nanotubes formed is 
low, and the overall yield ratio is reduced when greater than 500 torr. When the optimum 
condition of 500 torr is used, the ratio of carbon nanotubes in the reaction product reaches 75%. 
When an argon atmosphere is used, the yield of the carbon nanotubes is reduced. Furthermore, a 
high proportion of nanotubes produced is observed at or near the center of the carbon rod. 

[0024] 

3) Laser vaporization method 

The laser vaporization method is reported by T. Guo et al. in Chemical Physics Letters 
243 (1995) pp. 49-54, and furthermore, production of a rope-like SWNT based on the laser 
vaporization method is reported by A. Thess et al. in Science Vol. 273 (1996) pp. 483-487. The 



11 

outline of the aforementioned method is explained below. First, a carbon rod dispersed with Co 
or Ni is arranged inside a quartz tube, approximately 500 torr of Ar is filled in the quartz tube, 
and then this is heated to approximately 1200°C. Furthermore, a NdYAG laser is applied from 
the edge of the upstream side of the quartz tube so as to vaporize the carbon rod. As a result, 
carbon nanotubes are deposited on the downstream side of the quartz tube. The aforementioned 
method is a promising method for selective production of SWNT, and a rope-like shape is likely 
to be achieved by collection of the SWNT. 

[0025] 

Application of carbon nanotubes in the prior art is explained below. 

[0026] 

Currently a product utilizing carbon nanotubes is not available, but research on 
applications is being actively pursued. Typical examples are explained briefly below. 

[0027] 

1) Electron source 

Carbon nanotubes have a pointed end and exhibit electrical conductivity; thus, they are 
being researched as an electron source. An electron source where carbon nanotubes produced by 
the arc discharge method and purified and placed on a substrate through a filter is reported by 
W. A. de Heer et al. in Science Vol. 270 (1995) p. 1 179. In the aforementioned report, the 
electron source is a collection of carbon nanotubes, and it is reported that a discharge current of 
100 raA or higher was achieved from 1 cm 2 area upon application of 700 V. Furthermore, A. G. 
Rinzler et al. reported approximately 1 nA from carbon nanotubes with a closed end, and 
approximately 0.5 pA of discharge current was obtained when carbon nanotubes produced by arc 
discharge method were attached to an electrode and approximately 75 V was applied in Science 
Vol. 269 (1995) p. 1550. 

[0028] 

2) STM and AFM 

Application of carbon nanotubes to STM and AFM is reported by H. Dai et al. in Nature 
384, (1996) p. 147. The carbon nanotubes in this case are produced by the arc discharge method, 
and the end member is SWNT with a diameter of approximately 5 nm. The tip is thin and 
flexible; thus, the bottom of gaps in the sample can be observed and are said to produce an ideal 
tip with an absence of tip crash at the end. 



[0029] 

3) Hydrogen storage material 

A. C. Dillon et al. disclosed the ability to store an amount of hydrogen molecules several 
times that of the carbon produced in a pitch type raw material forming an SWNT in Nature Vol. 
386 (1997) pp. 377-379. Though the study of this application has just begun, application as a 
hydrogen storage material for automobiles, etc., is expected. 

[0030] 

Problems to be solved by the invention 

In the structures and manufacturing methods of carbon nanotubes of the prior art, the 
thickness and orientation of the carbon nanotubes produced is random, and furthermore, the 
electrode is not joined to the carbon nanotube immediately after growth. In other words, upon 
application of carbon nanotubes, it is necessary to recover them and to purify them after 
synthesis, and furthermore, to form them into a specific shape according to the form used. For 
example, when used as an electron source, it is necessary to remove individual carbon nanotubes 
and to bond one end to an electrode as described in A. G. Rinzler et al., Science Vol. 269 (1995) 
pp. 1550-1553. Furthermore, Walt A. de Heer et al. in Science Vol. 270 (1995) pp. 1 179-1 180 
and Science Vol. 268 (1995) pp. 845-847 describes a process where the standing of the tube on 
the substrate with a ceramic filter is required for the carbon nanotubes produced by the arc 
discharge method. In this case, active joining of the electrode and the carbon nanotube is not 
achieved. 



[0031] 

Direct growth of carbon nanotubes on a substrate can be achieved by the thermal 
decomposition method utilizing a seeding catalyst. However, the substrate temperature is high 
and the control of the growth direction of carbon nanotubes is not possible; control of the 
thickness is less likely to be achieved; and furthermore, growth of amorphous carbon is likely to 
occur on the outer walls of the tubes. Moreover, bonding of the carbon nanotubes to the substrate 
is poor. 

[0032] 

And furthermore, high current is required in arc discharge, and the temperature at the 
growth area of the carbon nanotube is very high, so that the direct formation of carbon nanotubes 
on a substrate made of a material such as quartz and metal is not possible. 



[0033] 

In the same manner, in the laser vaporization method, the carbon nanotube grows inside a 
high-temperature flame and is deposited by the gas at low temperature areas downstream; thus, 
growth on a specific substrate is not possible. 

[0034] 

Furthermore, technology for controlling the current flow into the carbon nanotube 
utilizing a magnetic field has not been reported. 

[0035] 

As explained in regard to the aforementioned prior art, the formation of nanotubes in a 
specific direction onto a specific substrate is extremely difficult, and growth, while one end or 
both ends of the carbon nanotubes are joined to an electrode, has not been possible. 

[0036] 

The purpose of the present invention is to eliminate the aforementioned problems of the 
prior art. 

[0037] 

In other words, the purpose of the present invention is to provide a device capable of 
allowing current to flow efficiently through carbon nanotubes by joining one or both ends of 
carbon nanotubes to an electrode on a substrate. 

[0038] 

Another purpose of the present invention is to provide a device capable of controlling the 
amount of current flowing through the carbon nanotubes by means of a magnetic field. 

[0039] 

Another purpose of the present invention is to provide a method of manufacturing a 
device capable of controlling the amount of current flow through the carbon nanotubes with a 
magnetic field. 

[0040] 

Still another purpose of the present invention is to provide a method for growing carbon 
nanotubes having a specific directionality on a substrate. 
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[0041] 

Means to solve the problem 

The aforementioned purposes can be achieved by the device and manufacturing method 
of the present invention described below. Thus, the present invention is a carbon nanotube device 
characterized by the fact that at least one end of the aforementioned carbon nanotube is 
connected to a substrate, there are catalytic hyperfine particles containing at least one type of 
metal selected from Fe, Co, and Ni at the junction, and the aforementioned catalytic hyperfine 
particles are dispersed in a material consisting essentially of one or more metals comprising Cu, 
Ag, Au, and Cr in a device utilizing carbon nanotubes. 

[0042] 

Furthermore, the manufacturing method of the present invention is a method of 
producing a carbon nanotube where growth of the carbon nanotube is achieved by means of 
thermal decomposition utilizing a catalyst on a substrate, wherein the carbon nanotubes are 
grown on the surface of a substrate, where catalytic hyperfine particles containing at least one 
metal selected from Fe, Co, and Ni are dispersed in the main metal component consisting of at 
least one of Cu, Ag, Au, and Cr, and the aforementioned substrate dispersed with catalytic 
hyperfine particles is heated in an atmosphere containing either ethylene, acetylene, or carbon 
monoxide, or a gaseous mixture thereof, as a raw material gas at a temperature in the range of 
400-800°C to initiate thermal decomposition of the raw material gas. 

[0043] 

In the carbon nanotube device of the present invention, modulation of the current flowing 
in the carbon nanotubes is made possible by application of an external magnetic field. 

[0044] 

Embodiment of the invention 

A preferred embodiment of the present invention is explained below. 

[0045] 

In the device of the present invention, a carbon nanotube device, in which the substrate is 
Si, the catalytic hyperfine particles are Fe and/or Co metal, and the aforementioned catalytic 
hyperfine particles are dispersed in a material consisting mainly of Cu, is especially desirable. 
When a metal containing Fe and Co is used for the catalytic hyperfine particles where the 
substrate is Si, it is desirable if the aforementioned catalytic fine particles are dispersed in a film 
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mainly composed of copper from the standpoint of three factors: low temperature growth of the 
carbon nanotube, control of current by the magnetic field, and dispersibility in copper. 

[0046] 

And furthermore, in the manufacture of a device utilizing carbon nanotubes, growing 
carbon nanotubes on the surface of the Si substrate in which catalytic hyperfine particles 
containing Fe or Co are dispersed in a material mainly composed of copper is a prefered 
embodiment of the present invention. In this case, it is desirable if the aforementioned substrate 
is heated in an atmosphere containing either ethylene, acetylene, or carbon monoxide, or a 
gaseous mixture thereof, as a raw material gas at a temperature in the range of 400-800°C to 
initiate thermal decomposition of the raw material gas from the standpoint of the properties of 
the carbon nanotubes and from the standpoint of dispersibility of the catalytic hyperfine particles. 
Needless to say, in addition to the aforementioned gases, liquid materials such as cyclohexane or 
benzene can be vaporized and used as a raw material gas, as well, but from the standpoint of the 
low temperature growth, either ethylene, acetylene, or carbon monoxide is desirable. 
Furthermore, it is desirable if hydrogen gas is included from the standpoint of dehydration of the 
raw material in some cases. 

[0047] 

It is desirable if the diameter of the catalytic microparticle used in the present invention is 
in the range of several nm to several hundreds of nm. 

[0048] 

In explanation of the effect of the present invention, a fine particle dispersing GMR film 
is used, and the aforementioned fine particle dispersing GMR is explained below. 

[0049] 

GMR is an abbreviation for Giant Magnetic Resistance, which is a phenomenon in which 
the electric resistance of a film having a specific structure is reduced upon application of a 
magnetic field. In general, a laminated thin metal film is used and a combination of Fe/Cr, 
Co/Cu, etc., is desirable. The aforementioned GMR effect is observed in a hyperfine 
particle-dispersed film (granular alloy film) as well as in a metal lamination film. It is 
hypothesized that the aforementioned GMR effect is caused by reduction in scattering based on 
spin of the free electrons as a result of the magnetic moment of the metal thin layer or fine 
particles such as Fe and Co becoming aligned upon application of an external magnetic field. 
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[0050] 

The hyperfine particle-dispersed film can be produced by a method such as the 
simultaneous sputtering method or ICB (Ion Cluster Beam) method. The particle diameter of the 
fine particles such as Fe and Co dispersed in the copper can be controlled to a certain point by 
heating the substrate during the film formation process or providing an annealing treatment after 
the film formation. The particle diameter of the fine particles is in the range of several nm to 
several tens of nm. Fe, Co, etc., hyperfine particles exist on the surface of the hyperfine 
particle-dispersed film produced as described above and can be used as growth nuclei for carbon 
nanotube growth. 

[0051] 

In order to grow carbon nanotubes on a substrate having the aforementioned catalytic 
microparticle growth nuclei, a method in which the substrate is heated in a gas atmosphere 
consisting of the raw material gas with a dilution gas, growth promoting gas, etc., added can be 
used. For the raw material gas, the aforementioned many gases containing carbon can be used 
effectively. For example, in addition to those made of only carbon and hydrogen, those made of 
methane, ethane, propane, butane, pentane, hexane, ethylene, acetylene, benzene, toluene, 
cyclohexane, and furthermore, benzonitrile, acetone, ethyl alcohol, methyl alcohol, and a carbon 
monoxide gas containing other elements can be mentioned. A desirable raw material among 
those listed above varies slightly depending on the type of the substrate used, composition such 
as growth nuclei, growth temperature, pressure, etc., and a raw material consisting of only 
carbon, hydrogen, and oxygen is desirable from the standpoint of a lower likelihood of 
impurities. Furthermore, from the standpoint of low temperature of carbon nanotubes, ethylene, 
acetylene, and carbon monoxide are desirable. Furthermore, for the growth promotion gas, 
hydrogen can be mentioned, where the effectiveness of the hydrogen depends on the raw 
material gas, reaction temperature, and composition of the growth nuclei; thus, it is not necessary 
for it to be included. On the other hand, a dilution gas is effective when growth is too fast or a 
reduction in the toxicity or explosiveness of the raw material gas is desired, and inert gases such 
as argon, helium, or nitrogen can be mentioned. 



[0052] 

The production process of the carbon nanotube device produced as described above is 
shown in Figures 2 and 4. Figure 2 is a cross-sectional diagram used for explanation of the 
process, and in Figure 2, 20 is the substrate, 21 is the hyperfine particle-dispersed film before 
annealing, 22 is the hyperfine particle-dispersed film after annealing, 23 is the raw material gas, 
24 is the hyperfine particle support film consisting essentially of an element such as Cu, and 25 
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is the carbon nanotubes. An outline of the manufacturing method of the carbon nanotubes is 
explained below based on the aforementioned figure. First, as shown in Figure 2a, a thin film 
mainly composed of Cu, Ag, Au, or Cr and uniformly dispersed with metal hyperfine particles 
consisting essentially of Fe, Co, or Ni is formed on a substrate. For the film formation method 
used in this case, a two-component simultaneous sputtering process in which Cu and Co, for 
example, are used as the target can be mentioned. When annealing is done after the film 
formation process at 400-800°C under a reducing atmosphere, homogeneity of the dispersion is 
broken and a film dispersed with hyperfine particles 22 can be produced in which catalytic 
hyperfine particles 23 such as Co are deposited inside or on the surface of the hyperfine particle 
support film 24 mainly composed of Cu, etc. The aforementioned dispersion state is incomplete, 
and a small amount of a solid solution of Cu is observed in the catalytic fine particles or a small 
amount of a solid solution Fe or Co is observed in the Cu film used as the fine particle support 
film. 

[0053] 

Furthermore, the growth of carbon nanotubes is conducted in a reaction device such as 
the one shown in Figure 4. The diagram of the device shown in Figure 4 is explained below. In 
Figure 4, 41 is the reaction vessel, 42 is the substrate, and 43 is an infrared absorber that also 
functions as a substrate holder. 44 is a supply line for the raw material gas such as ethylene, and 
it is desirable when the arrangement is such that the concentration of the raw material gas 
becomes uniform at and near the substrate. 45 is a supply line for the introduction of the 
reaction-promoting gas such as hydrogen or a dilution gas such as helium and is also effective to 
prevent fogging of the infrared transmitting window 49 as a result of decomposition of the raw 
material gas. 46 is the exhaust line for the gas and is connected to a turbomolecular pump or a 
rotary pump. 47 is an infrared lamp for heating the substrate. Furthermore, 48 is a converging 
mirror used for efficient focusing of the infrared rays onto the infrared absorber. Although not 
shown in the figure, a vacuum gauge for monitoring the pressure inside the container, a 
thermocouple for measuring the temperature of the substrate, etc., also are provided. Needless to 
say, in addition to the aforementioned device, an electric furnace type device where the entire 
device is heated externally may be used as well. In the actual growth of carbon nanotubes, for 
example, 10 seem of ethylene is introduced as the raw material gas from 44; 10 seem of 
hydrogen is introduced from 45; the pressure inside the container is adjusted to 1000 Pa; the 
substrate is heated by the infrared lamp to 700°C; and the reaction is conducted for 60 min. 
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[0054] 

A material produced as described above is shown in Figure 2c. The diameter of the 
carbon nanotube depends on the diameter of the catalytic hyperfine particles and other reaction 
conditions used, where a diameter in the range of several nm to submicrons and a length in the 
range of several tens of nm to several tens of ^im can be achieved. Furthermore, one or both ends 
of the tube are connected to the substrate; thus, it is especially convenient when used as a probe 
for electric-field electron discharge, STM, etc., or as a vibrator for a quantum effect device, 
micromachine, etc., and a variety of electrodes. And furthermore, carbon is chemically stable and 
has high strength; thus, it is possible to be used as a modification method for the substrate 
surface as well. 

[0055] 

Application examples 

Application examples of the present invention are explained in further detail with 
reference to the attached figures, but the present invention is not limited by these examples and 
modifications within the range of the claims of the present invention are possible. 

[0056] 

A pplication Example 1 

The carbon nanotube device of the present invention and its manufacturing method are 
explained using the cross-sectional diagram of Figure 3 for explanation of the process and the 
schematic view of the device shown in Figure 4. 

[0057] 

In Figure 4, 41 is the reaction vessel, 42 is the substrate, and 43 is the infrared absorbing 
plate that also serves as the substrate holder. 44 is the supply line for introduction of the raw 
material gas and is arranged in such a manner that the concentration of the raw material gas 
becomes uniform at and near the substrate. 45 is the supply line for introduction of hydrogen gas 
and is arranged near the window 49 to prevent fogging of infrared transmitting window 49 due to 
decomposition of the raw material gas. 46 is the exhaust line for the gas and is connected to a 
turbomolecular pump or rotary pump. 47 is the infrared lamp for heating the substrate. 
Furthermore, 48 is a converging mirror used for efficient focusing of infrared rays onto the 
infrared ray absorbing plate. Also, a vacuum gauge for monitoring the pressure inside the 
container and a thermocouple for measuring the temperature of the substrate are provided. 
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[0058] 

First, the preparation of the substrate before growing carbon nanotubes will be explained 

below. 
[0059] 

First, an electrode was formed on the substrate. For the substrate, a cleaned sapphire 
substrate or Si wafer substrate was used, and 100 nm of Co was formed by means of RF 
sputtering. The sputtering conditions used were RF power of 400 W and Ar = 5 mtorr. 
Furthermore, in order to form a hyperfine particle-dispersed film on a part of the electrode 
produced above, areas other than the aforementioned area were covered with a metal mask; Cu 
and Co, Cr and Fe, Ag and Ni, Au, Co and Ni were simultaneously sputtered under the 
conditions used for formation of the electrode, or the simultaneous resistance heating method 
was used to form a film of approximately 200 nm. In this case, the ratio of A (Cu, Cr, Ag, and 
Au) to B (Fe, Co, and Ni) was approximately 5:1. When the aforementioned substrate was 
arranged in the reactor shown in Figure 4 and annealing was performed for 20 min at 600°C in 
an atmosphere of 4% hydrogen and 96% helium, a hyperfine particle-dispersed film 32 in which 
catalytic hyperfine particles 33 of Fe, Co, and Ni with a particle diameter of several nm to 
several tens of nm dispersed at a relatively high density inside or on the surface of hyperfine 
particle support film 34 made of Cu, Cr, Ag, and Au was formed on the surface of the substrate. 

[0060] 

Furthermore, while the substrate having the aforementioned catalytic hyperfine particles 
was left inside the reactor, first, 10 seem of hydrogen gas was introduced from supply line 45 so 
as to increase the pressure inside the reactor to 500 Pa. Then, the infrared lamp was turned on to 
increase the temperature of the substrate to 400-800°C. After the temperature was stabilized, 
approximately 10 seem of raw material gas consisting of methane, ethane, acetylene, carbon 
monoxide, and benzene was introduced from supply line 44 to increase the pressure inside the 
reactor to 1000 Pa and retained for 20 min. Furthermore, the infrared lamp was turned off, the 
gas supply was stopped, and the temperature of the substrate was returned to room temperature. 
The substrate was then removed to the outside. 

[0061] 

When the surface of the substrate was examined under FE-SEM (Field 
Emission-Scanning Electron Microscope) growth of carbon nanotubes was observed only on the 
hyperfine particle-dispersed film in each of the substrates as shown in Figure 3d. The diameter of 
carbon nanotubes was in the range of several nm to several tens of nm depending on the raw 
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material gas and catalytic hyperfine particles, and growth was observed in the direction 
perpendicular to the substrate as one end or both ends of the nanotubes were bonded to the 
substrate. However, when methane was used as the source gas, the degree of growth of the 
carbon nanotubes was insignificant. Furthermore, when benzene was used as the source gas, 
variation in diameter of the carbon nanotubes was observed, some being several hundreds of nm. 
The optimum temperature for growth of the carbon nanotubes increased in the order of carbon 
monoxide, acetylene, ethylene, benzene, and methane. Furthermore, when catalytic hyperfine 
particles were dispersed in Cu, the growth of the carbon nanotubes was the highest on an Si 
wafer substrate. 

[0062] 

In order to evaluate the properties of the carbon nanotube device produced, an electrode 
was attached to the electrode film on the substrate, the device was placed in a vacuum chamber, 
and a counter electrode was arranged parallel to the substrate at a distance of 0.1 mm from the 
substrate. Furthermore, the chamber was evacuated to 10" 8 torr; then, a positive potential was 
applied to the counter electrode, and the electron discharge rate from the carbon nanotube was 
measured. As a result, the current flow was one order of magnitude higher compared with a film 
in which carbon nanotubes were simply dispersed. It is hypothesized that the aforementioned 
effect is based on sufficient bonding of the carbon nanotubes with the electrode. Furthermore, 
when a 1000 Oe magnetic field was applied parallel to the film of the aforementioned device, the 
electron discharge rate was increased by 10%. It is hypothesized that the aforementioned effect is 
based on the alignment of the spin of hyperfine particles such as Fe, Co, and Ni bonded to the 
carbon nanotubes. When carbon nanotubes were simply dispersed on the electrode, a change in 
current upon application of a magnetic field was not observed. This indicates that the device of 
the present invention actively responds to the magnetic field. 

[0063] 

A pplication Example 2 

The structure of a horizontal carbon nanotube device and an example of its 
manufacturing method are explained using the schematic view of Figure 5 and the schematic 
view of the device shown in Figure 4. In Figure 5, a) is a schematic top view, and b) is a 
horizontal cross-sectional view. 

[0064] 

As in the case of Application Example 1, using RF simultaneous sputtering, a Co/Cu 
dispersed film was formed on substrate 50 to form a film thickness of 200 nm with a metal mask. 



21 



The sputtering conditions used in this case were RF power of 400 W and Ar = 5 mtorr, and the 
component ratio of Co:Cu was approximately 1:4. When the aforementioned substrate was 
placed in the reactor shown in Figure 4 and annealing was done in a vacuum of 1 0' 7 torr for 
20 min at 450°C, deposition of Co in the dispersed film took place and a condition where 
hyperfine particles of Co with a particle diameter in the range of several nm to several tens of nm 
was achieved, and a film with dispersed catalytic hyperfine particle 53 was produced. 
Furthermore, the substrate having the aforementioned catalytic hyperfine particle-dispersed film 
was left inside the reactor; then, 20 seem of hydrogen gas was introduced from supply line 45 to 
increase the pressure inside the reactor to 500 Pa. Furthermore, the infrared lamp was turned on 
to increase the temperature of the substrate to 600°C. After the temperature was stabilized, 
approximately 20 seem of mixed raw material gas in which acetylene was diluted to 10% with 
nitrogen was introduced to increase the pressure inside the reaction container to 1000 Pa, and the 
pressure was retained for 20 min. In this case, the arrangement was made so that the acetylene 
flowed from substrate A to B. Afterward, the infrared lamp was turned off, the gas supply was 
stopped, and the temperature of the substrate was returned to room temperature. The substrate 
was then removed to the outside. Then, it was covered with a metal mask and film formation was 
conducted for Co electrodes 51 and 52 to form a film thickness of 100 nm using the sputtering 
method. At this time, most of the ends of carbon nanotubes 54 were covered with electrode 52 
and electrically connected. 

[0065] 

When the surface of the substrate produced was examined by FE-SEM, carbon nanotubes 
54 were grown from hyperfine particle-dispersed film 53 along the flow of the source gas in the 
direction from A to B as shown in Figure 5a and b, and the space between electrodes 5 1 and 52 
was bridged by carbon nanotubes. The diameter of the carbon nanotubes 54 was in the range of 
several nm to several tens of nm. 

[0066] 

In order to evaluate the properties of the carbon nanotube device produced, wires were 
connected to electrodes 51 and 52 on the substrate, and voltage and a magnetic field were 
applied and the current-voltage characteristic was measured. In this case, the magnetic field was 
applied in a direction perpendicular to A-B of Figure 5. As a result, when the voltage was the 
same, a current flow higher by approximately 10% compared to the initial case without 
application of a magnetic field was measured, and when the magnetic field was returned to zero, 
the current flow was approximately 3% higher compared with the initial case without application 
of the magnetic field. As a result, it was confirmed that the device of the present invention is a 
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device capable of detecting the hysteresis of a magnetic field. Furthermore, in an element in 
which a carbon nanotube device was dispersed on a substrate and a platinum electrode was 
formed and used for comparison, response to the magnetic field was absent 

[0067] 

Application Example 3 

Furthermore, the structure of a Tip type carbon nanotube device and an example of its 
manufacturing method are explained with a schematic cross section used for explanation of the 
process of Figure 6, and a schematic view of the device used is shown in Figure 4 below. 

[0068] 

First, an Si wafer used as substrate 60 was formed in the shape of a beam using 
photolithography as shown in Figure 6a, and Co electrode 61 with a film thickness of 100 nm 
was formed on the surface by the sputtering method. Furthermore, a hyperfine particle-dispersed 
area 62 was formed on a portion of the aforementioned beam. In production of the hyperfine 
particle-dispersed area 62, a film having pores was formed on electrode 61 and diagonal 
deposition of Co and Cu was provided by the resistance heating method and the pores were 
subsequently removed. The ratio of Co and Cu used in this case was approximately 1:4. When 
the aforementioned substrate was arranged in the reactor shown in Figure 4 and annealing was 
done for 20 min at 450°C in a vacuum of 10" 7 torr, Co in the dispersed film was deposited and a 
dispersed state of Co catalytic hyperfine particles 63 with a particle diameter in the range of 
several nm to several tens of nm at a relatively high density was achieved. Furthermore, while 
the substrate having the aforementioned catalytic hyperfine particle-dispersed film was left 
inside the reactor, first, 20 seem of hydrogen gas was introduced from supply line 45 so that the 
pressure inside the reactor increased to 500 Pa. Then, the infrared lamp was turned on to increase 
the temperature of the substrate to 700°C. After the temperature was stabilized, approximately 
20 seem of ethylene gas was introduced to increase the pressure inside the reaction container to 
1000 Pa, and it was retained for 20 min. Afterward, the infrared lamp was turned off; the gas 
supply was stopped, and the temperature of the substrate was returned to room temperature; then 
the substrate was removed to the outside. 

[0069] 

When the surface of the substrate produced was examined by FE-SEM, carbon nanotubes 
were found to be grown from the catalytic hyperfine particles 63 on the surface of the hyperfine 
particle-dispersed film 62 (as shown in Figure 6c), and the diameter of the carbon nanotube was 
in the range of several nm to several tens of nm. 
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[0070] 

In order to evaluate the properties of the carbon nanotube device produced, the substrate 
was mounted in an STM and AFM evaluation device, and electrode 61 was formed as well. 
Based on the evaluation results for STM and AFM, an excellent image based on the carbon 
nanotube Tip was produced. Furthermore, in STM, a domain structure of the magnetized film 
was observed. It appears that the effect achieved is a result of the carbon nanotubes being 
connected to a film having a GMR effect 

[0071] 

Effect of the invention 

The effects described below can be achieved when the method of manufacturing carbon 
nanotubes explained above is used. 

[0072] 

1) Production of a carbon nanotube device having good electrical bonding with the 
electrode is made possible. 

[0073] 

2) Production of a carbon nanotube device in which the flow of current can be controlled 
by a magnetic field is made possible. 

[0074] 

3) Growth of carbon nanotubes in which one or both sides are joined to the electrode is 
made possible. 

[0075] 

4) Production of carbon nanotubes in which the diameter and orientation are essentially 
uniform is made possible. 

[0076] 

5) Growth of carbon nanotubes is made possible at a given position on a substrate. 

Brief description of the figures 

Figure 1 is a schematic view of the structure of a carbon fine fiber: a) is an isotropic 
carbon fiber, b) is a carbon nanotube having amorphous carbon around the fiber, c) is multi-wall 
(carbon) nanotube, and d) is single-wall (carbon) nanotube. 
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Figure 2 is a schematic cross-sectional view used for explanation of the production 
process of a vertical carbon nanotube device: a) is the film formation of hyperfine 
particle-dispersed film (before annealing) on a substrate, b) is the state of the film after 
annealing, and c) is the state of the device after growth of the carbon nanotubes. 

Figure 3 is a schematic cross-sectional view used for explanation of the production 
process of the carbon nanotube device of Application Example 1: a) is the formation of the 
electrode film on the substrate, b) is the formation of hyperfine particle-dispersed film (before 
annealing), c) is the state of the film after annealing, and d) is the state of the device after growth 
of the carbon nanotubes. 

Figure 4 is a diagram of the device used for growing carbon nanotubes. 

Figure 5 is a schematic view used for explanation of the structure of a horizontal carbon 
nanotube device: a) is a top view and b) is a horizontal cross section. 

Figure 6 is a schematic cross-sectional view used for explanation of the production 
process of a Tip type carbon nanotube device: a) shows the formation of the electrode film on the 
substrate, b) shows the hyperfine particle-dispersed area provided on a part of the 
aforementioned film, and c) shows the device after growth of the carbon nanotubes on the 
aforementioned surface. 

Description of the symbols 

20 Substrate 

2 1 Hyperfine particle-dispersed film (before annealing) 

22 Hyperfine particle-dispersed film (after annealing) 

23 Catalytic hyperfine particle 

24 Hyperfine particle support film 

25 Carbon nanotubes 

30 Substrate 

31 Electrode film 

32 Hyperfine particle-dispersed film 

33 Catalytic hyperfine particles 

34 Hyperfine particle support film 

35 Carbon nanotube 

41 Reactor 

42 Substrate 

43 Infrared absorbing plate 

44 Raw material gas supply line 

45 Growth promoting and diluted gas supply line 
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46 Exhaust system line 

47 Infrared lamp 

48 Infrared focusing mirror 

49 Infrared transmitting window 

50 Substrate 

51 Electrode 

52 Electrode 

53 Hyperfine particle-dispersed film 

54 Carbon nanotube 

60 Substrate 

61 Electrode film 

62 Hyperfine particle dispersed area 

63 Catalytic microparticle 

64 Carbon nanotube 
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Figure 2 



Substrate 

Hyperfine particle-dispersed film (before annealing) 
Hyperfine particle-dispersed film (after annealing) 
Catalytic hyperfine particle 
Hyperfine particle support film 
Carbon nanotube 
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Key: 41 Reactor 

42 Substrate 

43 Infrared absorbing plate 

44 Raw material gas supply line 

45 Growth promoting and diluted gas conduit 

46 Exhaust system line 

47 Infrared lamp 

48 Infrared focusing mirror 

49 Infrared transmitting window 



si ms 



so m 



52 tta 



a) 




53 a&?*H8l!t 54 *-*>*/*-L-?r 



b) 



Figure 5 



Key: 50 Substrate 

51 Electrode 

52 Electrode 

53 Hyperfine particle-dispersed film 

54 Carbon nanotubes 



30 



^ 

a) | | ^ — so 

63 





64 iJ^&> 



Figure 6 

Key: 60 Substrate 

61 Electrode film 

62 Hyperfine particle-dispersed area 

63 Catalytic hyperfine particles 
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b%-?)l>*'7*-Jl>i-7J-j,-7' (MWNTtB&^t 
*) fcHKWt^T'V^S. b<r>±otcW&<»i]—fty 

•r/*i.-7'mhi\hMt. ^mw^fkwuz^x 
hhwg&%.zixhifi. n~<m^<r>i]-i^y^j^^ 

-7'<r>?i.**$.-$hz.b\tx%x\^t:^. 
[00 1 73 Ztit>0)ti-Xyi-si- J L-7'<vffimm 
mz&bttihbmilZTFtZ.olZtcZ. HI a-d^k 
momtli-Xy J )r;i-3.-y-*?i]-Xy-7 r4*-i 

®frt>n.tzmmx'f>*). £Wte*<mti®Tf>h. * 

-Xyyr4rt-X'imtf±%<. HWcWCRBfflW) 

i. m.zmmuz$tis&ftm&x'ii® lbxvxoiz 

f - a - 70 +^ftia t it:TOt*>-5f a - 7^C0ffl g 

lt^i.*-^*<^v^. r-^&aa^t'xiiiii c ) <r> 

X o lz*£4z®i,z¥'fjX'fr-ol-jL-y'Vi<7)ffim&tf¥t 
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v^MWNTici*. itzT-tmM&v-^-mm 
[0018] Ufi^-^y^yf-i-y^at:^ 

* 3 iijwcov vc jarwwi wk . 

[00 1 93 1 ) j)W£JBvvH!!&Jffi£ 

X'hZ>. Z<r>£o%mmZCZ. SNYDER 4>#Internatio 
nal Patent Application^ Publication Number=«0 
89/07163fcEttUTV^. R^^cO+tX-fVy^T 

IbkS^x^y. rotru-y. *Cy-fe'y x h/Pxy& 

zmimmfrm. r-fchy, -mat 

&%Z®&£'kttlgmX'i>frtb%^k. I/O**. 4fc 
Sf^t^Oitlil : 2 0-2 0 : ltfMFCfc 
0. fS4#&iF e^F e iMo , Cr, Ce. Mn(0l^ 
*WtfS3ft.T£9. -£fl£fuined T;U$^±tft»? 
■*T*J<*at>«"iSfLTV»4. KJ£SJg{i5 5 0-8 
5 OX^&HT. tf^OSLiti 1 >f D**# 1 

0 0 s c c m v ^SI£MfJf £}#X#2 OOsccmS 

i < . m&f-tmz. tx 3 o#- 1 siag*? 
[0020] i3UTtt^**-#y^-yf-A-^o 

J^tiitS* 1 3 . 5 - 7 5 n mSST'S) 0 . tiES 
O5~10 0 0<gfcjtt*. a-tfyoMBflHUi?-* 

[002 1] 4fc4rtaWJiJ:<^t><0«)Mo*Jiai 

ttt t . -iwfciteR^fciifi^ictT 1 2 o ox/c 

^Stf*fcSWNTjW£j*3fl*£fcjWl. Dai^KJ: 
oTChemical Physics Letters 260 (19%) p. 471-474 

[0022] 2) 7-?mMk 

Nature Vol. 354 (1991) p.56-58(CE«;S*VO>4. T 
-^ft^ffifcti. 7 Illy®! OOTo r r<7>#Bm+ 

<0-SS^fc5-2 0 nmOiWWSttl^i: b fcfc*** 

Sflljum. 2— 5 0Of-a-^Dc<0^-*>ffi@3&5a 
$rofc*#l»ttca»>, *«0#-tfy?>SiB*fittti8fc: 



7~b. 4fcf\*-:Trt*>JirfcttKr-5TfiD, 4fc 

^■*A-7e«tea>JlinH»i0. 34nmt/77 

[002 3] ifcT.W. Ebbesen&(i7-:?Stm&T'#- 
#>^yf-*-:7***fc£rtW-**frfcNature Vol. 
358 (1992) p.220-222fcK»l/O*4. P£ffifcjag9m 

orri7)Sl^tJi)18V, 1 0 0 A<07-?ftm£ 
5 0 0TorrOTCi*-m/fi 
-rwW^Wak* < , 500Torr tLb? i £ffcc0£ 
tiM.l&&?tl> . ftSf 500Torr £ &m 

*. 

[0024] 3) V— 

U—y-IBIttttT. Guo t>£ X 0 Chemical PhysicsL Le 
tters 243 (1995) M9-54te«&S*lT. ZklZA. The 
ss^> ^'Science Vol. 273 (19%) p. 483-487 tl^— if— 
S5Sffi(ci6n-rttSWNT<04dt*«&Lfc. <IO 
3H8»»ttiaT»fca9T**. 4t\ rastf+fcc 

ow i iM?*t*-#yn7 khsbu raw 

4»fcA r^500Torr|fc Lfc»£tt* 12 0 0 

s. -e^-f5tratl : oT»=x?-^y^y^i-7' 
#«»?-*. ;<0*ffi«SWNT*aRWtftjjW-ijSr 
ffitUTJiWMT'JbD, 4fcSWNT#*4oTn-:r 

[0025] mzt)-Xyi-;i~ ^-ycommiz^x 

[0026] £B$#-*y7/f- A-rojCfflRfltiaj 

[0027] i ) m?m 

i! t hhtt^mbLX<m%MW$'\,\ W.A. de Heer 
^{SScience Vol. 270 (1995) v.\mX'7—7WM&X' 

^-^y^y^-a-ycomHt^oTUS^. lcm* 
OBK*»4> 7 0 0 VEpSafcJ: 9 1 0 OmAliLb^&tBl; 
ffi#££LT&^Jtt:£:LTU|>. t^A.G. Rinzler^ 
<i5cience Vol. 269 (1995) P.1550tTT-^ScmST' 

1*tt*IWBtfci:i*. ^7 5V<7>mEE|«rat < i:0^ti§ 
vmitz*-#Vi-;*j-*-7frt > \m\ nA. $fe«<7) 
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[00 28] 2) STM, AFM 

H. Dai ^JiNature 384, (1996) ?.\mzii^Xi)—#> 
i-/j-i.-7cr>STM, AFMffiffltOWCfgSLTH 

tip i,3r*a»-ca*fc*>. s»Ptraai^ 

WST'tffi^T'^. SftSOtip crash OfcHS&W&ti 

[ o o 2 9 ] 3 ) *mmtt ® 

A.C. Dillon 6ttSWNTfcfflV*t£2:(Cjtr), K?* 
^KjKT^Sii; ^Nature Vol. 386 (1997) p. 377-37 

[0030] 

vvfitv*. rt-tfJ^yf-a-yfifWifcRl, 

=f-Ut LT«fflLJ:3fc**^fcliA.G.RIiizler£ttS 
CIENCE Vol. 269 (1995) p, 1550-1553 (CijcSilTtit 

WzWtt '*£B#&*. ifcteltA. de Heer ^{iSCI 
ENCE Vol. 270 (1995) p. 1179-1180 fcitfSClENCE Vo 

I. 268 (1995) p.845-847 |3j%3*i* J: 3(z. T-?fc 

[0031] i'-TM v^Mtt£fflv>*rf!MHBifc-Cfc 

I 0 0 3 2 ] $ 6 K7-?J!Wi*liW«BT* 
[00 3 3] Htttcu— f-JBEfttfiv^fc. 



[0034] 0*-^^^f-A-7*tS[ 
[0035] Oi:OSe3W«S*»4>aj»S*i6 J: o fc&Jg 

[0036] *l6H^S««i*i^<0|BWWiS-)g^-r5 
[0037] -«r^*IHB«0B«t4*-#y-tyf-A 

[0038] 4?t*%^x!|oaM{iS#±^-#V 
[0039] 4Jt*^OSiJ^SW{i«*±<0^-^y 

[0040] 4fc*»flw8(i<oawidaKkj:(ci«efl5* 

[004 1 ] 

T<7>rJUX}i±XSZcoWmiz£r)fimX'Z2>. 
e , Co. N i (7) 3 *> 1 WWaJi*»fe=Sf 

inanaaawfto. H*a«iaawcu. a s . 

Au. CrnttlWm&±frb*&&Mfi±]&&'Ct> 
htt®\Zft&ZKX^ht3-X> J tJ1-*-7T>Uz. 

xhh. 

[ o o 4 2 ] ta. *m*vwkm±. m±izmz 

e, Co, Ni«3M«M2Lhfr&$:4aH**#r 
iMMSBttSWCu. Ag, Au, CrO?*>li»I 

^SW^JSMxt LT*trSIitt«T4 0 0*C 
-8 0 0-CoefflT«LT^^^s^^RieSrg 

s. 

[0043] *9tPR0)#-tf>i'/+3.-?T/UA 

mx'%&. 
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[0044] 

[0045] i&mnrTHA XlZ&^X » gfttf S i T* 

j) o . froiBtHatttWF e , c o o i mmtfrb 

*mfc#f*SftT^I>;$-tf y^y +*-7t'V xtf 

m&tLK. Fe, cofrftOTftMSHtHatt 
Sfi-cv^cit*«si»|g$-fijfflts±Tt, ti-xy 

[0046] ZteLtztf-iX. ii-XV&S+i.-yk 

mvzr'U xo&miz&^xn. F e i U<(iC o $• 

ISL HEStt£x^y % 7-fe^-l-y. -K-fL^g^o 
SHSl+T^ 0 0'C~8 0 OX^fiHTftflftUTJIfi^ 

tf-tfy^/^-y 
y-tfy^j: a t«ttaE«rc*i ivzmm-txmm 

xtLXm^Xi>fr£b%^iiK ©a£A<D&£>£x 

[0047] ttrnzminamsmwistmnm 

Hftl 0 0nm<7)gB<9i>O#i?£U - ». 
[0048] JUT\ *3ffl0rtmvmWMiffi&ft& 

m<7)GMRmmmt&<7>x\ n'zom&.tt&mo 

[004 9] GMRitiGiant Hanagnetic Resistance 

tmMi&j&mmnmm^&tf. t*ucttFe/c 

yhmmmz i owe* o . *<ots*ewFo 
x^^zmLt^w^m-thztifimmb^x. hti 
x^z. 

[oo50] ±MMtfrfflmi.mx'<v 9 y yy 

t=i 0 fWWHrrfc 5 . §8* t^-SJ[ $ttFe^>Co<0 
®&7S«i^+o^Jii^ia&&<7)7x-rt'fc: J: >) 
**8**W"JirC* •) . gtfiiPSteifc n 1 0 n 

m\zt£h. z<r>ib\zLx%tyfitcmm j jt , mm. 



[0051] znmmmttmztthwaz. 
^x-msmth-nwfmx'hh. muxtLx 

tet5$LfcJ: o lz$-Xyz-£ts#x<?)2< tfmmm 
?t>t. MUiSmt?km<?)X-frt>%:lX?y. x? 
y. rn/^. 7-?y. ^Mfy, xf-w 

y, T-fef-ri^y, <y4fy s WPxy, 
y& tW^-^ffi^TcflS:^^ yyx h y ;k r-b h 
y s xf-;ur^3-;P, *^rt/7;W3-;k -&fb£«it 

* fc>w fefis . z ti^^x-m i^mmtma 
m$frtfL&mz <m&*mmxm}iiz «t ->xm=? 

#**#IWA9fc<<TJ:v\ ttzii-Xy-fJ^i.- 
-7(rMaBd)*b%thbx.*f-\,y^ r-tf-uy. 

%mtt\.\ 3.K$.%&m#xtLxit*mti { mft> 
tihtf. *%wimmm : ®#x*?%j&§j£. &m.<r> 
®mt'iz{mtz<ox\ %tz%<xi>fr£h%\,\ t 

t:Mi#x&tfiSktf&t Mmtfzvws* 

[00 5 2] ZoLX%hiXl>i]-Xyi-;i-2.-7T 
>W X?>?m?u*.XffM$:m2 , 4(^-f. m2\£7 

n-bx&mwtztitbcoisvi&mmmxb&tf. m2tz& 
^X2 0tem. 2ntr--tummm^m. 2 

2tt7--/M»8»tt^HMftBI. 2 3{±®«^flSfi^, 
2 4ttCus3r^±jc«k«fflttttTS»fl|, 2 5ii 
i]-i^y J r-j^ 3 .~-rxbh. znmZTtlzt-tfyi- 

;+*-7<mmtrm&*m*m- 1 t&rox o iz% 

h. £-m2a) <^XolZM»±iZCu, As. Au, 
CrZZj&fttt&mzFe, Co, N i ^ifiS^t^' 

zofmxmt ix&mtifcubcozt-yyht 
2jmmxj*->, ^ y >7wwwrt>ixt . jasf^t 

7C#HSv+4 0 0-80 0X:X'T--)V?hZ bizX 0 

£M? 2 4 O+^ffitC Coi fc'<?>ja&j@fK&? 2 3^* 
ffflJLfc«tt ; WMtt«2 2##4>*i*. C^)4Htt«ffltti 

^cO, i£t«Si 1 ^Jgf3!)l»Cu|l^cFe^Co3&»' 
^FIl^LTV^. 

[0053] ^04 fcjjrf J: p ^Rl5^aP t gT'^---K 
y7/f-i-7S:fig^$-a-S. dir. gS8tB&0T'$> 

04^4 UiaBSST* 
0 . 4 2iiS«c. 4 3 U^M»JRflrc» 9«<*^^ 
-coaiiJtfioT^I.. 4 4{ixf-uy^if(7)JIft*'X 
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*fc*9, mmm.4 9tfmw*mm&h 

TV*4. 4 7i&mmi<0ffim5>7X't>*) % 4 8 

mwx'h-r>xi>frtt>%^. $m&>i]—$>i-;i-3.- 
7<m&x-\t. mumrnxxizx+isyzA^b i 

OsccmiAL. 4 5#»4>*^£ 1 0 s c cmSSA 
U SSSPV)ff?j£ 1 0 0 O^XAMZlX, ftftm 
V~T\Zl 9Sft£ 7 0 O'Cfc IX 6 0#SEJ£ 
[00 54] Z<T)£olzLX%e 3 ixtzi><7)t:®2c ) (c 

l&S^U JI$tifSU 0nm~8cl OumlZ%h. £ 

tz* *-7<r)^ *> t < immtfmzmt ix 

V ^ h (OX-MRM? SctB^ S T M& fc' ?)J3!f f^fi^ r / n*4 

mnx-bh. 

[00 55] 

[3U&0»] JUT, *^ajo^ig«?!ltcov^T0®^#raL 
[0056] SBfcflll 

*fffl£.&hti-#y-i-J1~ a-/fAM xfc ^olfife 
*\ S3orn-fex$:SiHWS/ > :4 , )<7)fai^iiffi0tia4 

[0057] 04+4 lliRJEHTcaO, 42<ig 

*?* o . &mmx'cr)m®tfxmtf£>-iz%h x o 
watztix\i&. 4 5ii*m'*mx-r&'gx'$> r ). 
m&m&&4 9 tffKmxcoftMX'g&z t m±iz 
o tagtfifitEBSivo** . 4 6ii#xo 

T^ttrnztix^z. 4ntmmmmco^myy 

TX'b 9 > 4 8ttffifttft*tt¥J: <*tttl'&iDM£^** , > 
KjLttlX^h. 

[00 58] £-f*-#yi-S1'jL-zr£tfL%ZltZ>m 

<vm<mmz^xwm-h. 

[0059] «ttfca*±C«ff fefW-J-ft. Sftfc L 



RFXTC-y 9 V yf&lzX 9 C o £ 1 0 0 n mj£$L 
fc. Xy\-.y^Uy^ft{iRF«^4 0 0W x Ar = 5 
mTo r r#BmT'£>£. ifcfcfM Lfc«ffi±tf>-JWC 

)V?X9X'W\^. CutCo.CrtFe. AgtN 
i-AutCotNi m&ftftTPVtX 
? y y^, t L< JiH^UHSWBafct J: 9^2 0 0 
nmMLit. ClOt^A (Cu, Cr, Ag, A 
u):B(Fe,Co.Ni) <7)Jtli5 : lf&gfcL 
fc. iOS**H4fc*tfc»6iaiti!aiL-C*«4 
%. ^U^A9 6%^#H&+T'6 0 0 , CT'2 0#ISI7 > 
--A^f* t . Stt^ffitliSggMS: 1 0 n mOF 
e, Co, Ni«W»8«a^3 33i(«Cu, Cr, A 
g, AuOj@®?i^£8M3 44>^iBCa>&9iS®S 

[0060] &(C£OlHflBB«fi**:frf*»*c£R t 
KJOaWKULfcii. £"f4 5*>*>*£#X£l 
0 s c cmWALTRje^Sl^OE^* 5 0 O^X^/P 
CU. -?-LWHl7>'7 , Srj£C<:TLT»^aS$-40 
0~80 0"CfcL/i. m.im%.Ltz&. 44frt>X? 
y. x.+vv. r-trf-l^. -BMfcflS*. ^y-tfycoil 
8#-X£#7 1 0 s c c m^ALTRjS^SrtOff^^ 1 
0 0 OJtXfiMzlX 2 OifflVmitz. *LXffiM 

[006 1 ] W9ajbfc«*<»>SiB*FE-SEM (Fi 
eld Emission-Scanning ElectronMicroscope: BI^JJcJU 

^smb^^s^) izxwmuztzb. v^-moa* 

t»H3 d ) izijktX o tzmU&MMk£t)**-# 
yi-;+3.-7tftf&LX\Vz. H— J+ 

temtfx'&m&ffib.wzm ixmm. n m-a 1 

0nmT'*>9. aSttJCf-a-^OfrM. fcU<«H»* 

•fyf-i-^^i^-^oTt. £tz<y-eytfv- 
xtfx<r>%>'&t l zii.*-tfyi-si-*-7'<r>mziirtyv 
±^i><7)\m\ OOnmt^r-pTV^. 

££S i ^xyN-iaE-cUftHBBaa^^c u tjMKS 

[ 0 0 6 2 ] f#^>^#-#>:r/^-:/TA4x£ 

ft i mmthtz#>. mw^wm. iznmz nitre tkM£ 

T-vyX-Mzm&L. iSiTO>o«St0. l 
mmJBUfcffl»c«|6lltffi*3MtUfc. *LX++W* 
-rt$r 1 O- 8 To r r fcfBRLfctttffiflWBCjEflflfiE 

tmz#&2itt:mtimiximiy*;$frr>fz. z 
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fttt*-#J'iV*a-7WWfc^»£;SftTV** 
ZbW9}&b%^X^lb%iL>tl$>. ZKZVt'U 
^KWt»K 1000 (Oe) BmiKtZ. 

%=¥IHS6M»\ omhUi. Z.ft\tii-if^ J 
r*-7lZ%feZtlX^hFe, Co. Nifrt'Ojg$t 

omit, m^zx&mss&mmmzmfr^tz. z 
coz t frt>*%,wv>T'V ximmzx *)t?t< riz 

CQQ6 3] $mm2 

mzmmm -*>■)- y^^-y^u wmfct *<r> 
mmcomz. ®5<r)®imb®4c7)mwm®£m^x 

b> \±wmim®x-hz>. 

i o o 6 4 ] mmm 1 1 mmiz r f m®*/* - v 9 u >^ 

ffiCJ: 0 4T C o/C u#ifcfl£^ 9>V-?X9m^X 
S*5 0±(;:§yi2 0 0 nm|£Jgt.*:. ClOt #<7)XK 
•y^U>^WiRF^j4 0OW v Ar=5mTor 
r#B^T'*D, Co : C u Oj&ftJtli 1 : 4m£T"* 

"'Tor r03t2+T4 5 0*CT'2 0ftffi*-->Vth 
b . #tfc&+?)C o sMffffl UTfifiBRHR 10nm<DC 

«BB8«tt : F^ftlH5 3(c*->yt:. &(c£aMWBBtkft 
: HHWR£*t *Stt*H tEffiiSB't'fcfSg Uc 4 
4, 4-f4 5*>6*S#X£20sccmgALTKJS 

y7$^TUCaffc&££ 6 0 O'az Uc. mX#33S. 

it:®, mmx-7-ti-uyt: 1 o%ix-miitzM£m 
max j20scc mmx ix^m-sp^mi % i o 

0 0;\-*#/WcLT2 0#ra&ftU:. id-C'T-fe^l' 
>-^5Sft* I S»A*^B^ftl.J;aiSaL^. *LT 

9)V?X?X'il*- LfcffcX/ty 9 1> y^(c J: 0 C o 
*ffi5 1. 5 2*W?10 0nm^tJSI«Lfc. £*>IK 

4 oa^-Mi, mawfcsaaisftfc. 

[00 6 5] f#6ft£Sfl"D3cffi£FE-SEM{;:TfI 
& US 05a, b) fcjjt* J: 9 (cSttBtF 
K5 3^6*--1fy-fy^i-7 r 5 4^V-X^OS 
ftfcrja->TA4»6B«*rtKjfi*LTfe l ). ^^5 1 , 

!K^-yf-a-^5 4^)«ai4j»nin-ftl0ninT* 

[00 66] »4>ftfe^-#^y^a-rfy^^tfD 
WHMWifctf). g£om€&5 1 , 5 2fcEttLfctt 

fc. coi:S»lliH5+A-B(caitfrrtitc9CSnL 



awfcfl«LT»iox£v*a*&w3ft, *tf>2 

Xf'JyX *®arr * £ <4 XT* 4 CI i; ffvm £ ft 

JKr$-S3K**i*6ft$rj&»ofc. 
[0067] glM3_ 

&fcT i pl^-^ytyfa-^fA'-f xcoffi&b* 

m®b ®4 08zamsBzm\*z&wt& . 

[00 68] £?£flc6 0-C*&S i9XA-*7*h 
»J V/77 * -fcj 006 a ) tf>4 5tas«t»JSL. 
-eo±(cC olSs6 1 SrXA'y^iJ U y^Sti 0 1 0 
Onm iOHJfT'fiScSI US. -6 UC SKHWcJMtttT # 

itgi5*6 2 zm&uz. nm&timme 2omuz 
bcuz&mm&izkommmi. *<o&*v7* 

60itt±*«?l : 4T-*ofc. IOSf*:$-04(^UcSJC 
HSfclSBLT 10-'Tor rO||2£+T4 5 0°CT'2 
0^HT--;H-St, 4MBUWaCoaWffll/CSHI 
StHS 1 0 n m<7)C o OMUBftS? 6 3 
«fc4MBt8ftfc«B*»»6ft3t. ^KiOftBBBBOtt^ 
W»tfeH taGS«+tIM Lfc4 4 . 
4-f 4 5 *»6***'X * 2 0 s c c mSMXTRJESIMKf 

$T£4tTLTSffc&g£ 7 0 0°Ct L^:. i&g*>*£j£LJt 
x^V>^XS:20sccm^ALTRJ5^SrtO 
ff**l 0 0 0>'^/WcL'C2 0^«fifL7t. *L 

[ 0 0 6 9 ] f*4>ftfc£tt«0£ffi£ F E - S E MlCTJl 

%itzbz?>. 06 c ) toktiioizmmLTttmft 

tftii&LXti 1 )* *-sKW-yf-a-7*01l[®danin 
HRl0nmT*r>fc. 

[ 0 0 7 0 ] f»6ftfc*-jK^yf-jL-7*r'W X5: 
IJfSMftifcft. ^«$rSTM. AFMfFfliSHIcm 
Oftft. ^O^m^6 1 fcffiULfc. STM, AFMS 

*tm feftfc . 4 fc S T MT*I«® LfcK<0 4 y « 
it* 5 liffl$ft^. ift»i^-#y^yf-a-7*#GMR 

[007 1] 

m*m»& z b fox mTny&zmLX'* & . 

[0072] 1 ) TOk^flW^eoiv^-^^y 
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[0073] 2 ) W9)1Z£ OmSLl* { $flffllT'^ hij-X 
[0074] 3 ) frffl t L < itmfflfiw&izntez tlX 

[ o o 7 5 ] 4 > &*nfowhinm>-%*}-#>t 
[00763 5) mfcvm.co&mz\&mti-#>i-; 

t^-^7r^A'-, b) MWm^T^iVyrX 

t-#>(DttWz/}-x>i- y-fa-y ; c ) tiv;H- 
*7*-iV -t/f-a-y. d ) Jiv-y/rt^ 

ffttTftfM (T--/H5) timuztzz. b > a 

*«K*7---;i<Lfc«*>*!B. c) ii*-x>i-yi- 

[S3 3 gffefl l y^y f- A -^T^M x^g 
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